Holomycin, a member of the pyrrothine class of antibiotics, displayed broad-spectrum antibacterial activity, inhibiting a variety of gram-positive and gram-negative bacteria, with the exception of Enterobacter cloacae, Morganella morganii, and Pseudomonas aeruginosa. The antibiotic lacked activity against the eukaryotic microorganisms Saccharomyces cerevisiae and Candida kefyr. Holomycin exhibited a bacteriostatic response against Escherichia coli that was associated with rapid inhibition of RNA synthesis in whole cells. Inhibition of RNA synthesis could have been a secondary consequence of inhibiting tRNA aminoacylation, thereby inducing the stringent response. However, the levels of inhibition of RNA synthesis by holomycin were similar in a stringent and relaxed pair of E. coli strains that were isogenic except for the deletion of the relA gene. This suggests that inhibition of RNA synthesis by holomycin could reflect direct inhibition of DNA-dependent RNA polymerase. Examination of the effects of holomycin on the kinetics of the appearance of ␤-galactosidase in induced E. coli cells was also consistent with inhibition of RNA polymerase at the level of RNA chain elongation. However, holomycin only weakly inhibited E. coli RNA polymerase in assays using synthetic poly(dA-dT) and plasmid templates. Furthermore, inhibition of RNA polymerase was observed only at holomycin concentrations in excess of those required to inhibit the growth of E. coli. It is possible that holomycin is a prodrug, requiring conversion in the cell to an active species that inhibits RNA polymerase.
Thiolutin and holomycin (see Fig. 1 ) are members of the pyrrothine class of naturally occurring antibiotics that are characterized by the possession of a unique pyrrolinonodithiole nucleus (2) . Although these antimicrobial agents were originally discovered more than 40 years ago (6, 13, 23, 26) , relatively little is known about their mode of action. Limited studies with thiolutin suggest that the pyrrothines may act as inhibitors of DNA-dependent RNA polymerase. Thus, thiolutin preferentially inhibits RNA synthesis in both Saccharomyces cerevisiae (10) and Escherichia coli (14) and is reported to be a potent inhibitor of partially purified RNA polymerases from S. cerevisiae (10, 25) . Furthermore, by monitoring the effects of thiolutin on the induction of ␤-galactosidase in E. coli, Khachatourians and Tipper (14) concluded that the antibiotic interfered with RNA chain elongation rather than with initiation of transcription.
However, there are several observations that cast doubt upon the hypothesis that thiolutin, and therefore the pyrrothines as a class, prevents microbial growth by interfering with the elongation of RNA transcripts catalyzed by RNA polymerase. For instance, Sivasubramanian and Jayaraman (24) were unable to reproduce the observations made by Khachatourians and Tipper (14) concerning the effects of thiolutin on ␤-galactosidase induction in E. coli. Thus, these authors (24) concluded that thiolutin inhibits initiation of RNA transcription rather than RNA chain elongation as proposed by Khachatourians and Tipper (14) . Furthermore, in contrast to the observations for yeast (10, 25) , thiolutin does not appear to inhibit E. coli RNA polymerase in vitro (24) .
In view of the various discrepancies concerning the mode of action of thiolutin, we have reinvestigated the effects of the pyrrothine class on E. coli RNA polymerase, macromolecular synthesis, and induction of ␤-galactosidase in E. coli. For this purpose we chose to study holomycin, which is structurally closely related to thiolutin ( Fig. 1 ) and is also a member of the pyrrothine antibiotic class. In addition to the effects of holomycin on biochemical processes in E. coli, we also report, for the first time, data on the antimicrobial spectrum and antibacterial properties of this member of the pyrrothine class.
MATERIALS AND METHODS
Organisms. E. coli and Staphylococcus aureus laboratory strains used for studies on growth, survival, macromolecular synthesis, and ␤-galactosidase production in the presence of holomycin are listed in Table 1 . E. coli K-12 strain CSH141 (16) was cultured on medium A, containing 0.4% (wt/vol) glycerol as a carbon source, to maintain the episome carrying the lac operon (16) .
Additional bacteria used for more extensive susceptibility testing ( [5- 3 H]UTP (14 Ci/mmol). Poly(dA-dT) was purchased from Amersham Pharmacia Biotech, and plasmid pGEM ␤-gal was obtained from Promega Ltd., Southampton, United Kingdom. The enzyme ␤-galactosidase (EC 3.2.1.2.3, grade VI) was purchased from SigmaAldrich Co. Two types of E. coli RNA polymerase (EC 2.7.7.6) were purchased, one from Sigma (product no. R7394) and the other from Amersham Pharmacia Biotech (product no. E78022Y). The latter is a guaranteed sigma factor-saturated enzyme. All other chemical and biochemical reagents were obtained from standard commercial sources.
In vitro susceptibility testing. The activity of holomycin against a range of bacterial clinical isolates was determined by standard agar dilution procedures. Blood agar base (Oxoid, Basingstoke, United Kingdom) was used for nonfastidious organisms. This medium was supplemented with 5% chocolated defibrinated horse blood (TCS Microbiology Ltd., Buckingham, United Kingdom) for growth of fastidious organisms. The inocula were 1-l spots of an overnight broth culture containing 10 5 to 10 6 CFU. The MIC was defined as the lowest concentration of compound completely inhibiting visible growth after 18 to 24 h of incubation at 37°C. MIC determinations were also carried out, using a standard microdilution procedure, for E. coli K-12 strains MG1655 and CF1652 in morpholinepropanesulfonic acid (MOPS) minimal medium (17, 29) supplemented with 2 mg of all amino acids per liter, 10 g of glucose per liter, and 10% (wt/vol) brain heart infusion. Inocula contained 10 4 CFU. In the case of E. coli K-12 strain CSH141 and S. aureus 8325-4 (18), MICs were determined by broth microdilution in Iso-Sensitest medium (Oxoid) following incubation at 37°C for 24 h.
For direct comparison of the antibacterial and antifungal activities of holomycin and rifampin, sterile filter paper disks (diameter, 4 mm) containing 20 g of holomycin or rifampin were prepared. These were then applied to plates seeded with suspensions of S. aureus 8325-4, C. kefyr NCPF3234, or S. cerevisiae 464. In the case of S. aureus the suspensions (10 9 CFU/ml) were prepared in IsoSensitest broth and then plated onto Iso-Sensitest agar. For the yeast strains, light suspensions were made in sterile distilled water, and each was spread over half the surface of a nutrient agar plate supplemented with yeast nitrogen base (Difco Ltd.), 2% (wt/vol) glucose, and 0.15% (wt/vol) asparagine. Cultures were incubated at 37°C for 24 h.
Effects of holomycin on bacterial viability and culture turbidity. Studies to determine bactericidal activity were carried out on exponential-phase cultures of E. coli K-12 strain MG1655 grown in supplemented MOPS liquid medium. Samples (1 ml) were serially diluted in phosphate-buffered saline and were plated onto supplemented MOPS medium to which agar (1.5%, wt/vol) had been added. Colonies were counted after incubation at 37°C for 18 to 24 h. The turbidity of cultures of E. coli MG1655 growing in supplemented MOPS liquid medium was determined by measuring the absorbance at 675 nm in a Philips PU 8620 spectrophotometer.
Labeling of macromolecules in E. coli. Bacteria were cultured in supplemented MOPS liquid medium. Radioactive precursors (1 Ci/ml for 3 H-labeled and 0.1 Ci/ml for 14 C-labeled compounds) were added during the early logarithmic phase and 3 min before the addition of inhibitors at four times their MICs, which were determined by the microdilution method. Incorporation of radioactivity into macromolecules was determined by following previously published procedures from this laboratory (3, 4, 19, 28) . For DNA, RNA, and protein synthesis, this involved treatment of cells with trichloroacetic acid (5%, wt/vol) followed by collection of filtrates on glass fiber filters (Whatman GF/C) and quantification of radioactivity by liquid scintillation counting using OptiPhase Safe scintillation fluid (Wallac Ltd.) (3, 19, 28) . For determination of lipid synthesis, cells were treated with chloroform and methanol, and radioactivity in the lipid fraction was determined as described previously (4) . For each set of experiments an antibiotic known to specifically inhibit the pathway of interest was included as a positive control.
In vitro effects of rifampin and holomycin on purified E. coli ␤-galactosidase. Reactions were performed in 1-ml volumes containing 5 l of ␤-galactosidase (3,000 U/ml in 0.1 M sodium phosphate buffer, pH 7.5), 700 l of Z buffer (16) , 200 l of o-nitrophenyl-␤-D-galactopyranoside (ONPG) (4 mg/ml), and 95 l of either rifampin or holomycin diluted in 0.1 M sodium phosphate buffer to yield final drug concentrations of 64 and 8 g/ml, respectively (four times the MIC of each drug for strain CSH141). Controls contained 95 l of sodium phosphate buffer. Reactions were initiated by the addition of ONPG, and the formation of o-nitrophenol was determined by measuring the absorbance of samples at 420 nm following incubation for 5 min at 28°C.
Effects of rifampin and holomycin on the production of ␤-galactosidase by E. coli CSH141. The protocol for determining the effects of rifampin and holomycin on ␤-galactosidase production was based on previously published methods (14, 16, 22 ). An overnight culture of CSH141 grown in medium A containing glycerol (0.4%, vol/vol) was diluted in a fresh batch of the same medium and grown at 37°C with aeration to a culture turbidity of 0.2 optical density units at 600 nm. Cultures were induced with 10 mM isopropyl-␤-D-thiogalactopyronoside (IPTG) (time zero) and 100-l samples were taken at 30-s intervals for 10 to 15 min. Z buffer (0.9 ml) containing 20 l of chloroform and 10 l of sodium dodecyl sulfate (0.1%, wt/vol) was added to each sample and the mixtures were vortexed (10 s). Antibiotics were added 2 min after IPTG induction. Chloroform was removed by evaporation (37°C, 20 min) and ␤-galactosidase assays were initiated as described above by the addition of ONPG. Reactions were stopped after 35 min by the addition of 0.5 ml of 1 M sodium carbonate. Absorbance of the samples was measured at 420 and 550 nm to determine enzyme activities, which were expressed as Miller units.
Effect of holomycin on RNA polymerase in vitro. RNA polymerase assays were performed essentially as described previously (7). This involved determining (i) the synthesis of poly(U ⅐ A) catalyzed by Sigma E. coli RNA polymerase in vitro using a synthetic poly(dA-dT) template and (ii) the in vitro synthesis of mRNA from wild-type promoters catalyzed by Amersham Pharmacia Biotech sigmafactor-saturated E. coli RNA polymerase using the superhelical plasmid template pGEM ␤-gal from Promega. Reaction mixtures (100 l) containing 0.5 U of RNA polymerase were incubated with antibiotics at 37°C for 5 min prior to H]UTP into trichloroacetic acid (5%, wt/ vol)-precipitable material. Samples were filtered (Whatman GF/C) and dried, and radioactivity on the filters was determined by liquid scintillation counting using OptiPhase Safe scintillation fluid (Wallac Ltd.).
RESULTS
In vitro antimicrobial activity. The activity of holomycin against a range of pathogenic bacteria was determined by agar dilution. Bacteria (Table 2) could be grouped as those that were highly susceptible to the antibiotic (MICs of 0.1 to 1 g/ml), moderately susceptible (MICs of 2 to 8 g/ml), and relatively unsusceptible (MICs of 16 to 64 g/ml).
Thiolutin, which is an analog of holomycin ( Fig. 1) , has been reported to possess antifungal activity (10, 23) . However, the antifungal activity of holomycin has not been determined. Comparative antibacterial and antifungal activities of holomycin were determined by placing paper disks impregnated with antibiotic (20 g) onto plates seeded with S. aureus 8325-4 ( Fig. 2a) , C. kefyr (Fig. 2b) , and S. cerevisiae (Fig. 2b) . Disks containing rifampin (20 g) were used as controls. Both holomycin and rifampin produced large zones of inhibition of staphylococcal growth consistent with the susceptibility of S. aureus 8325-4 to these antibiotics as determined by conventional susceptibility testing (Table 1) . However, neither antibiotic demonstrated activity against the two yeast strains studied here, since confluent growth up to the antibiotic-containing disks occurred (Fig. 2b) .
Effects of holomycin on growth and survival of E. coli MG1655. The effects of holomycin on the growth and survival of E. coli over a 2-h period were determined for liquid cultures of strain MG1655 grown in supplemented MOPS medium. The addition of 0.2 g of holomycin/ml (equivalent to the MIC determined in liquid culture by the microdilution method) to earlylogarithmic-phase cultures led to partial suppression of growth (Fig. 3) . This was demonstrated by small increases in both culture turbidity and viable cell numbers compared to those of antibiotic-free controls. Addition of higher concentrations of holomycin (two to eight times the MIC equivalents) caused complete cessation of growth (Fig. 3a) . This resulted from a bacteriostatic effect, since the number of viable cells did not decline upon exposure to the antibiotic, even at concentrations eight-fold higher than the MIC (Fig. 3b) .
Effect of holomycin on macromolecular synthesis in E. coli MG1655. The effect of holomycin on the incorporation of radiolabeled precursors into RNA, DNA, protein, and lipid was determined (Fig. 4) . In each case a specific inhibitor with a known mechanism of action was included as a positive control. These agents and holomycin were added to early-logarithmic-phase cultures of E. coli MG1655 at concentrations equivalent to four times their respective MICs determined by the microdilution method. (Fig. 4a) . Inhibition of RNA synthesis by rifampin demonstrated comparable kinetics (Fig.  4a) . Addition of holomycin also resulted in complete inhibition of incorporation of [ 3 H]thymidine into DNA, but this effect occurred at around 10 to 12 min after addition of the antibiotic (Fig. 4b) , i.e., some 5 to 7 min after RNA synthesis had ceased. In contrast to holomycin, ciprofloxacin (a specific inhibitor of DNA synthesis) caused complete inhibition of [ 3 H]thymidine incorporation within 5 min of addition (Fig. 4b) . Holomycin also affected incorporation of [ 3 H]glutamine into protein (Fig.  4c) . However, inhibition was not evident until about 10 min after addition of the antibiotic and was incomplete, since incorporation of precursor continued throughout the experiment. In contrast, chloramphenicol blocked precursor incorporation within 3 min and achieved complete inhibition of incorporation by 20 min (Fig. 4c) . Holomycin had no effect on the incorporation of [ 3 H]acetic acid into lipid (Fig. 4d) , whereas cerulenin (a specific inhibitor of fatty acid biosynthesis) caused complete inhibition of incorporation within 8 min of addition (Fig. 4d) .
Effect of holomycin on RNA synthesis in E. coli CF1652, a relA null mutant. The experiments described above indicate that holomycin preferentially inhibits RNA synthesis in E. coli. To determine whether the effect on RNA synthesis was the result of direct inhibition by the antibiotic or a secondary consequence of inducing stringency, the effect of holomycin on RNA synthesis in E. coli CF1652, a relA null mutant of E. coli MG1655 (29), was determined. Inhibition of RNA synthesis by holomycin was unaffected by the nature of the host strain. In both cases the addition of holomycin at four times the MIC resulted in 85 to 90% inhibition of RNA synthesis over a 30-min period of incubation with the antibiotic (data not shown).
Effects of rifampin and holomycin on ␤-galactosidase production by E. coli CSH141. The effects of rifampin and thiolutin on the kinetics of ␤-galactosidase production in E. coli following induction of the lac operon have been used previously to demonstrate that these antibiotics inhibit the initiation and elongation phases, respectively, of mRNA transcription (15) .
However, the effects of holomycin in such a system have not been determined. In order to approach this problem it was essential to demonstrate that neither rifampin nor holomycin had direct effects upon the activity of E. coli ␤-galactosidase. If the antibiotics caused enzyme inhibition, this would complicate interpretation of data obtained following induction of ␤-galactosidase in whole cells. We established that the purified E. coli enzyme was not affected by either holomycin or rifampin at concentrations equivalent to four times the MICs of these drugs for strain CSH141 (data not shown).
Consequently, ␤-galactosidase induction studies in the presence of the drugs were feasible. Cultures of strain CSH141 were induced with IPTG at time zero, and 2 min later portions of the induced bacteria were treated with rifampin or holomycin at four times the MIC of each drug. Control and drugcontaining samples were assayed for ␤-galactosidase activity, and representative data are shown in Fig. 5 . Synthesis of ␤-galactosidase ceased immediately in the holomycin-treated culture but continued for several minutes in the rifampininhibited culture before a plateau was reached. Addition of holomycin at later stages after induction with IPTG (e.g., 2 to 10 min postinduction) also led to rapid inhibition of enzyme production (data not shown).
Activity of holomycin against E. coli RNA polymerase in vitro. The activity of holomycin as an inhibitor of E. coli RNA polymerase in cell-free transcription assays was compared with that of rifampin in separate experiments using both a synthetic poly(dA-dT) template and natural promoters in the superhelical plasmid pGEM ␤-gal. Holomycin was a poor inhibitor of E. coli RNA polymerase when a synthetic template was used, achieving at most only a 35% reduction in the incorporation of radioactivity into poly(U ⅐ A) (Fig. 6a) . However, since this system may not be indicative of transcription from normal bacterial promoters, experiments were also performed using sigma factor-saturated E. coli RNA polymerase and naturally occurring promoters in the plasmid vector pGEM ␤-gal. Holomycin was also a poor inhibitor of transcription in this system (Fig. 6a) . Furthermore, virtually no inhibition of RNA synthesis was observed in either system in the presence of 0.2 to 2 g of holomycin/ml. These concentrations correspond to the MIC of the antibiotic for E. coli strains (Tables 1 and 2) . Consequently, inhibition of RNA synthesis in vitro by holomycin was observed only at antibiotic concentrations greatly in excess of the holomycin MIC for E. coli. In contrast to the weak enzyme inhibition displayed by holomycin, rifampin was a potent inhibitor of E. coli RNA polymerase in vitro (Fig. 6b) . Rifampin displayed 50% inhibitory concentrations of approximately 0.02 g/ml in both transcription assays. These data are in agreement with previous values reported in the literature for rifampin-sensitive RNA polymerase from E. coli (5, 8, 11, 21) . 
DISCUSSION
Thiolutin is the most extensively studied member of the pyrrothine class of antibiotics. It is reported to have a broad spectrum of antimicrobial activity, encompassing protozoa, yeast, pathogenic fungi, and bacteria, including both grampositive and gram-negative species (10, 23) . However, comparable studies on the antimicrobial spectrum of holomycin have not been reported. We observed that the antibacterial profile of holomycin was similar to that reported for thiolutin (23) . Thus, thiolutin and holomycin are both effective against a number of gram-positive cocci and E. coli but less effective against Pseudomonas aeruginosa (Table 2 ). However, in contrast to previous observations on thiolutin (10, 23) , we were unable to demonstrate that holomycin possessed antifungal activity. Although we have not reevaluated the antimicrobial activity of thiolutin, there is only a small structural difference between this antibiotic and holomycin (Fig. 1) , which makes it difficult to explain why thiolutin apparently possesses antifungal activity whereas holomycin does not.
Although the effects on bacterial survival of antibiotics from the pyrrothine class have not been extensively studied, an early report (23) suggests that thiolutin exhibits a bactericidal response against a range of gram-positive and -negative bacterial species. However, a more recent report demonstrates that the antibiotic has bacteriostatic properties against E. coli (15). Our observations with holomycin are consistent with the more recent report on thiolutin. Thus, holomycin exhibited a bacteriostatic response against E. coli at concentrations up to eightfold higher than the MIC (Fig. 3b) .
Studies on the mechanism of action of the pyrrothines have been limited to thiolutin. Experiments utilizing intact S. cerevisiae demonstrated that RNA synthesis stops immediately when cells are exposed to concentrations of thiolutin sufficient to prevent growth (10) . However, under these conditions, inhibition of protein synthesis was more gradual. Since in vitro protein synthesis using yeast cell extracts was not inhibited by thiolutin, it was deduced that the antibiotic had a primary effect on RNA synthesis, probably by inhibiting DNA-dependent RNA polymerase (10) . Indeed, subsequent studies utilizing purified yeast RNA polymerases confirmed that these enzymes were the likely targets of thiolutin and that initiation of RNA synthesis was disrupted (25) . The effects of thiolutin on the kinetics of the appearance of ␤-galactosidase in E. coli following induction of the enzyme are also consistent with inhibition of RNA synthesis as the primary target of the antibiotic (14) . However, since conflicting ␤-galactosidase induction profiles were obtained (14, 24) , there is some doubt as to whether this reflects inhibition of the initiation or elongation steps of RNA synthesis.
We have now examined the effects of holomycin on ␤-galactosidase production in E. coli and compared the induction profile with that occurring in rifampin-inhibited cells. The results we obtained with rifampin agree with previous observations and are consistent with the inhibition of RNA synthesis being mediated through binding of the drug to RNA polymerase (5, 8, 11, 14, 21, 27) . The data for holomycin suggest rapid inhibition of RNA chain elongation by the antibiotic and are thus in agreement with the findings of Khachatourians and Tipper (14) , who concluded that thiolutin is also an RNA elongation inhibitor. If thiolutin and holomycin inhibit RNA elongation by interaction with RNA polymerase, their binding sites within the enzyme may well differ from that of rifampin, which is an inhibitor of transcriptional initiation (5, 11, 15, 27) . This suggestion is consistent with the finding that thiolutin and holomycin are both active against S. aureus strains containing mutations in rpoB that confer resistance to rifampin (20) . The whole-cell RNA labeling studies utilizing [ 3 H]uridine reported here for E. coli do not distinguish between the initiation and elongation processes of RNA synthesis. However, we noted that compared to the synthesis of other macromolecules, the synthesis of RNA was most susceptible to inhibition fol- (Fig. 4) . These observations are consistent with RNA polymerase being the primary target of holomycin action in E. coli. Although inhibition of RNA synthesis and hence transcription is sufficient to explain why we also observed substantial inhibition of protein synthesis in holomycin-treated cells, an alternative explanation is possible. If holomycin and other pyrrothines inhibit the aminoacylation of one or more tRNA species, then induction of the stringent response would rapidly lead to a shutdown of both RNA and protein synthesis in the cell (1, 9, 28) . Stringency is invoked by an increase in the ratio of uncharged to charged tRNA (1, 9, 28) , which causes a ribosome-bound enzyme, ppGpp synthase I, encoded by relA, to synthesize the regulatory nucleotide ppGpp (guanosine 5Ј, 3Ј-bispyrophosphate). Accumulation of this nutritional stress alarmone confers altered promoter specificity on RNA polymerase, resulting not only in suppression of RNA synthesis but also in suppression of the synthesis of proteins and other macromolecules (1, 9, 28) .
If the antibacterial activity of holomycin and other pyrrothines results from inhibition of tRNA charging, then inhibition of RNA synthesis would not be a consequence of a direct effect on RNA polymerase. This hypothesis for the mode of action of pyrrothines could therefore be consistent with the apparent failure to demonstrate inhibition of E. coli RNA polymerase in vitro by thiolutin (24) or holomycin (reported here). However, data obtained in our study with a stringent and relaxed pair of E. coli strains (isogenic, except for deletion of the relA gene) demonstrate that synthesis of RNA is extensively inhibited by holomycin in both strains. This rules out an indirect effect of the antibiotic on RNA synthesis and favors the hypothesis that holomycin and other pyrrothines directly inhibit bacterial RNA synthesis. Furthermore, the finding that lipid synthesis continues in wild-type holomycin-inhibited E. coli (Fig. 4d) is not consistent with the hypothesis that holomycin induces stringency, since lipid synthesis is down regulated upon induction of the stringent response (1) .
Several indirect lines of evidence point towards inhibition of the elongating activity of bacterial RNA polymerase by the pyrrothines. Nevertheless, thiolutin apparently does not directly inhibit the E. coli enzyme (24) , and our results with holomycin using two types of transcription assay demonstrated only weak in vitro inhibition of RNA polymerase. It therefore appears that pyrrothines are not direct inhibitors of RNA polymerase. Our data are consistent with the possibility that pyrrothines may be prodrugs that are converted upon uptake into the bacterial cell to produce active RNA polymerase inhibitors. Indeed, an earlier report by Juhl and Clark (12) suggests that the pyrrothine antibiotic thiolutin may be a prodrug whose activation in E. coli requires sulfone oxidase (thd) activity. By inference, holomycin, which is a structural analog of thiolutin ( Fig. 1) , may be similarly activated by bacterial sulfone oxidases.
Although the target for pyrrothines or their drug-like metabolites has yet to be identified, the bacteriostatic nature of thiolutin and holomycin implies that the drug-target interaction is reversible. The possibility that the pyrrothines might represent leads for development as antibiotics has recently been discussed (20) . However, it is clear that the prospects for development of these compounds will depend upon elucidating their precise mode of action in bacteria and determining whether they are truly specific for prokaryotic organisms.
